There are limited reports to date on the microstructure and superplasticity of the Mg-Gd alloys after processing by equal-channel angular pressing (ECAP). Accordingly, the effects of ECAP temperature from 473 K to 723 K (200°C to 450°C) and number of passes (2, 4, and 8) on the microstructure and texture of an extruded Mg-5Gd-0.4Zr (GW50) alloy were investigated by scanning electron microscope, transmission electron microscope, and electron backscattered diffraction. The results show that the optimum ECAP temperature is 623 K (350°C). Higher temperatures give extensive grain growth and the material has insufficient formability at lower temperatures. The results show also that the alloy exhibits no further grain refinement after four ECAP passes and there is slight grain growth at 8 ECAP passes. Samples were processed by four passes at 623 K (350°C) and then subjected to shear punch testing. The results confirm the occurrence of superplastic behavior at 723 K (450°C) with a maximum strain rate sensitivity index of~0.47 and an activation energy of~110 kJ mol À1 . The results are consistent with the occurrence of flow by grain boundary sliding in the superplastic region.
I. INTRODUCTION
MAGNESIUM alloys have been the subject of much research in recent years due to their low density, high specific strength, and stiffness combined with their reasonable cost. Despite these advantages, Mg alloys suffer from poor formability at low temperatures because of the limited slip systems in their hexagonal close-packed (hcp) crystal structure. [1] There are two basic methods for improving the formability of Mg alloys; the first is to use severe plastic deformation (SPD) processes to achieve greater grain refinement and the second is to increase the forming temperature. Superplasticity refers to the ability of a material to undergo extensive plastic deformation and this can be achieved at high temperatures in fine-grained materials processed using SPD techniques. [2] However, there are limitations associated with heating simple magnesium alloys to high temperatures because the microstructures of fine-grained alloys tend to be unstable and exhibit extensive grain growth. Accordingly, attempts have been made to improve their thermal stability through the addition of different alloying elements and in this respect it was reported that the addition of gadolinium (Gd) and other rare earth (RE) elements leads to a remarkable improvement in the thermal stability of the microstructure, and in the mechanical properties at high temperatures, due to solution and precipitation hardening. [3, 4] Excellent thermal stability of Mg-Gd alloys has permitted the occurrence of extensive superplasticity in these alloys. Table I provides a comprehensive summary of the investigations reported to date for superplastic flow in various Mg-Gd alloys: [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] in this table, the SPD processing conditions are listed in columns 2 to 3, the resultant grain sizes are listed in column 4, and the superplastic testing conditions are given in columns 5 to 7, where data are included only when the maximum elongations exceed the critical requirement of a tensile elongation of at least 400 pct for superplastic flow and/ or a strain rate sensitivity (SRS) index exceeding 0.40. [15] It is readily apparent from inspection of Table I that these alloys generally exhibit excellent superplastic properties with a maximum elongation of 3570 pct reported for an Mg-9.4Gd-4.1Y-1.2Zn-0.4Zr alloy. [9] Nano-sized grains also were achieved in an Mg-9Gd-4Y-0.4Zr alloy (GW94) after processing by high pressure torsion (HPT) at room temperature. [14] Nevertheless, most investigations have used simple extrusion methods for producing fine-grained materials and there is only one report where superplasticity was documented in an Mg-Gd alloy processed by equal-channel angular pressing (ECAP). [12] Also, there are only limited numbers of reports to date on the microstructural evolution in Mg-Gd alloys after ECAP. [16, 17] Hence, the objective of the present investigation was to study the microstructural evolution and superplasticity in an extruded Mg-5Gd-0.4Zr alloy after processing through different ECAP conditions and thereby to identify the optimum ECAP parameters for achieving grain refinement and superplasticity.
Although tensile testing is the conventional standard procedure for delineating superplasticity, localized testing methods are now available for measuring the strain rate sensitivity and thus providing an indirect method for identifying the possible occurrence of superplastic flow through the use of smaller samples. Different techniques have been successfully used for investigating superplasticity in different materials. A summary of the different localized methods used to evaluate the occurrence of superplasticity in different materials is given in Table II . [11, 13, 14, [18] [19] [20] [21] [22] It can be observed from Table II that shear punch testing (SPT) has been used recently as a suitable technique for measuring the SRS in different materials processed by SPD methods. Therefore, SPT was used in the present investigation in order to evaluate the occurrence of superplasticity.
II. EXPERIMENTAL
The material used in this investigation was an Mg-5 wt pct Gd-0.4 wt pct Zr (GW50) alloy which was prepared from high-purity Mg, Mg-30Gd, and Mg-30Zr master alloys by melting in an electrical furnace under the protective MAGREX 36* flux cover.
Extrusion was conducted at a ratio of 8:1 at 673 K (400°C). Round ECAP billets with diameter of 10 mm and length of 65 mm were machined from the extruded bars. The processing by ECAP was conducted at temperatures of 473 K, 573 K, 623 K, and 723 K (200°C, 300°C, 350°C, and 450°C) with strain rate of about 0.05 s À1 and using route B c , where each billet is rotated longitudinally by 90 deg in the same sense between passes. [23] The ECAP die contained a die angle of 90 deg and an outer arc of curvature of 20 deg so that each pass imposed a strain of~1 [24] and the processing was performed through 2, 4, or 8 passes whenever the material showed sufficient formability.
Slices of~1 mm thickness were cut from the samples perpendicular to the extrusion direction (ED) for microstructural characterization. A Hitachi S-3400N variable pressure scanning electron microscope (SEM) and a Hitachi S-4800 field emission gun scanning electron microscope (FESEM) were used for microstructural characterization. The samples for the SEM investigations were etched with an acetic-picral solution. An FEI Tecnai G2 20 S-TWIN scanning transmission electron microscope (TEM) with a maximum operating voltage of 200 kV was also used for determining the crystal structure and chemical composition of the Yang et al. [9] Mg-9.4Gd-4.1Y-1.2Zn-0.4Zr Alizadeh et al. [11] Mg-8.5Gd-2.5Y-2Ag-0.5Zr
Movahedi-Rad [12] precipitates. TEM samples were cut by punching. After grinding the samples to~100 lm thickness, their thicknesses were further reduced to~20 lm with a dimpler machine and the TEM samples were finally prepared by ion beam milling using a milling angle of 12 deg with a voltage of 4 kV. Electron backscattered diffraction (EBSD) was used to study the orientation maps and texture evolution. The specimen preparation for EBSD involved SiC paper grinding and diamond paste polishing, followed by vibratory polishing with an alcohol-based alumina.
SPT was used for the evaluation of superplasticity after optimum ECAP conditions, where full details of the SPT technique were given earlier. [25] The SPT was performed at temperatures of 623 K, 673 K, 723 K, and 773 K (350°C, 400°C, 450°C, and 500°C), under shear strain rates in the range from 1.7 9 10 À2 to 2.7 9 10 À1 s À1 using a screw-driven MTS testing system equipped with a three-zone split furnace. A shear punch fixture with a 2.957 mm diameter flat cylindrical punch and 3.044 mm diameter receiving hole was used for SPT. Thin slices with 0.9 mm thickness were cut by electro-discharge machining perpendicular to the ED. Both sides of these disks were ground with SiC abrasive paper (grade 800) to a thickness of about 0.7 mm in order to remove the surface roughness. These samples were placed at the center of the SPT die which means the shear deformation was performed at a radius of 1.5 mm from the center of the disks. The load, F, was measured automatically as a function of the punch displacement and the data were recorded by appropriate software to determine the shear stress, s, on the tested material using the relationship [26] 
where t is the specimen thickness and D is the average of the punch and die hole diameters. To eliminate the slight differences between the thicknesses of the SPT samples, the measured displacements were normalized to the initial thicknesses of the disks. The SPT curves were then plotted as shear stress against normalized punch displacement.
III. RESULTS

A. Microstructural and Textural Evolution
SEM micrographs of the alloy after extrusion are shown in Figure 1 . As can be observed, the material does not show a uniform grain size structure and some large grains are detected in the microstructure. Therefore, the grain size distribution in the extruded condition is bimodal comprising a mixture of fine grain (FG) and coarse grain (CG) zones. The average grain size of the FG zone was about 5.5 ± 0.5 lm.
Another important feature of the microstructure of the alloy in the extruded condition was the presence of some cuboid precipitates. While most of these precipitates were located at the grain boundaries, some particles also were formed within the grains (Figure 2 ). Energy-dispersive X-ray spectrometry (EDS) line scan results, shown in Figure 2 , indicate that these particles are rich in Gd. To understand the crystal structure and chemical composition of the cuboid precipitates, some of them were subjected to selected area electron diffraction (SAED) and EDS analysis by TEM. The results are shown in Figures 3 and 4 for one of such precipitates. This particle is cuboid in shape (Figure 3 (a)), with dimensions of about 780 nm 9 1200 nm. The SAED results, shown in Figure 3 (b) and (c), indicate that the crystal structure can be indexed as a face-centered cubic (fcc) structure with a lattice parameter of 0.53 nm. Similar results were found for two other cuboid precipitates. The TEM-EDS spectra for points A (surrounding Mg matrix) and B (cuboid precipitate) are shown in Figures 4(a) and (b) and the results are summarized in Figure 4 (c). It can be observed that the cuboid precipitate is rich in Gd, and the Gd/Mg ratio (in atomic percentage) is close to 1.8. It would be helpful now to compare the determined crystal structure with those reported before for similar RE-rich cuboid precipitates in the Mg-RE alloys. In some studies, this phase has been shown to have an fcc crystal structure with a lattice parameter of 0.54 to 0.56 nm and chemical composition close to Mg 5 RE. [27] [28] [29] [30] [31] However, there are later reports which show that the fcc phase can be identified as RE hydrides, such as REH 2 .
[ [32] [33] [34] [35] In this regard, it has been recently proposed that the RE hydrides are probably formed as a result of the decomposition of Mg-RE intermetallic phases by hydrogen during solidification or high-temperature heat treatment. [35] In this work, although EDS analysis cannot be used for the detection of the hydrogen element, the cuboid phase is most likely the GdH 2 phase, with part of Gd atoms being replaced by Mg.
The TEM-EDS results also revealed that the Mg matrix in the alloy contains about 0.7 at. pct Gd. According to the binary Mg-Gd which is not well established at low temperatures, [36] Gd has only a limited solubility in Mg at room temperature. Therefore, it appears that a state of supersaturated solid solution (SSSS) was formed in the Mg matrix.
To study the optimum ECAP temperature, ECAP was attempted at low temperatures but the material showed insufficient formability at 473 K (200°C) and 573 K (300°C) with cracking occurring after only 1 pass. By increasing the temperature to 623 K (350°C), the ductility of the material increased to an acceptable level and 2, 4, and 8 ECAP passes were possible. The microstructure of the material after 2 ECAP passes at 623 K (350°C) is shown in Figures 5(a) and (b). As can be observed, the material shows more uniform and smaller grain sizes by comparison with the extruded condition. The average grain size is about 5.0 ± 0.5 lm after 2 ECAP passes at 623 K (350°C). Therefore, 623 K (350°C) was identified as the optimum ECAP temperature for grain refinement of the GW50 alloy, since formability is insufficient at lower temperatures and grain growth becomes significant at higher temperatures. The optimal ECAP temperature of 623 K (350°C) for the present alloy is higher than the temperature of~473 K (200°C) associated with the ECAP processing of conventional magnesium alloys such as AZ31, [37, 38] probably because of the high strength of Mg-Gd alloys at lower temperatures [39] and the low diffusion rate of Gd in Mg [40] which retards recrystallization. After determining the optimum ECAP temperature, attempts were made to process samples with more ECAP passes in order to investigate the resultant grain refinement. The microstructures after 4 and 8 ECAP passes are shown in Figures 5(c), (d) (e) , and (f) where the average grain sizes are about 3.5 and 
EBSD orientation maps of the material after extrusion and ECAP are shown in Figure 6 where the extrusion direction and ECAP axis are normal to the plane of the image. It is apparent that some large grains are present in the microstructure of the alloy after extrusion and these grains may have remained from the deformation state. The orientation maps after different numbers of ECAP passes in Figure 6 demonstrate more clearly that the most refined and uniform microstructure can be obtained after 4 passes. As shown in Figure 6(a) , the microstructure of the material after extrusion is not uniform and some large grains together with some fine equiaxed grains are present. Accordingly, it seems that partial dynamic recrystallization (DRX) produces a non-uniform microstructure in the extruded sample. The elongated grains in the extruded sample are close to blue in color and the 0110 È É planes are aligned perpendicular to the ED in these grains. The pole figures in Figures 7(a) and (b) show there is no specific basal texture in the material after extrusion. Nevertheless, the 0110 È É planes show a weak texture with a maximum intensity of around 3.7 MRD which probably arises from the grains remaining in the deformed state, whereas the DRX grains show a weak randomized texture. Texture of the extruded sample is explained in more detail in another report. [41] On the other hand, more uniform grain sizes can be obtained after processing with ECAP, which suggests the occurrence of complete recrystallization in this condition. Pole figures of the material after 2, 4, and 8 ECAP passes, shown in Figures 7(c), (d) , (e), (f), (g), and (h), indicate that, contrary to the extruded sample, a basal texture is formed in these samples. The (0001) planes appear to have rotations of about 50 deg with respect to the extrusion direction. The different textures and grain sizes obtained by ECAP processing can greatly affect the mechanical properties such as the strain rate sensitivity and superplasticity as discussed in more detail in the following sections.
B. Superplastic Behavior After Optimum ECAP Conditions
Since fine-grained materials are susceptible to exhibiting superplastic behavior at elevated temperatures, shear punch tests were performed on the samples processed under the optimum ECAP conditions for grain refinement [4 passes at 623 K (350°C)] in order to evaluate the superplastic behavior of the material in the investigated range of temperature and shear strain rate. The SPT curves of the material are shown in Figure 8 where the shear stress is plotted against the normalized displacement for samples processed through 4 passes at 623 K (350°C) and then tested at 623 K (350°C) in SPT using a range of shear strain rates from 1.7 9 10 À2 to 1.3 9 10 À1 s À1 . The ultimate shear strength (USS, s m ) can be obtained from these curves and then used to calculate the strain rate sensitivity. To evaluate the strain rate sensitivity of a material based on the variations of strength with strain rate, and for the case of hot shear deformation, the high-temperature shear flow stress, s, is related to the shear strain rate, _ c, by a modified power-law relationship of the form [11] 
where A is a material parameter, b is the Burgers vector, k is the Boltzmann's constant, d is the grain size, p is the inverse grain size exponent, G is the shear modulus, m denotes the strain rate sensitivity index, Q is the deformation activation energy, R is the universal gas constant, and T is the absolute temperature. From experimental data for the elastic constants of magnesium, the temperature dependence of the shear modulus is generally expressed as [42] G MPa ð Þ¼19200 À 8:6T K ð Þ: ½3
Due to the constancy of Q at a given temperature, it is possible to determine the value of m from the simple relationship: Figure 9 shows the variations of the normalized USS of the material plotted against the temperature-compensated shear strain rate for different testing temperatures. According to Eq. [4] , the slopes of these curves give the corresponding values of m as listed in Figure 9 . It is apparent that the dependency of USS on strain rate is linear at 623 K (350°C) and 673 K (400°C) with m % 0.26 ± 0.03 and 0.30 ± 0.04, respectively. However, the dependency becomes sigmoidal with three distinct regions at 723 K (450°C) and the region with maximum slope has m % 0.47 ± 0.05 through a narrow range of shear strain rates. This slope changes again to linear with m % 0.25 ± 0.03, after increasing the temperature to 773 K (500°C). To obtain a better representation of the data, the variation of m with test temperature is plotted in Figure 10 . It is obvious from this plot that a maximum strain rate sensitivity index is achieved at 723 K (450°C) where m % 0.47 ± 0.05.
In order to investigate the severity of grain growth at high temperatures, and also to obtain a better understanding of the microstructural changes during SPT at different temperatures, the microstructures of the material after SPT at 723 K and 773 K (450°C and 500°C) with strain rate of 1.3 9 10 À1 s À1 are shown in Figures 11(a) through (f) , respectively. These microstructures were taken from different areas of the SPT samples and at different magnifications in order to show the microstructural evolution in different regions including both areas associated with most deformation (illustrated schematically as region B in Figure 12 ) and areas without any deformation inside the die area (as region A in Figure 12 ). The results indicate that severe grain growth occurs at 773 K (500°C) by comparison with 723 K (450°C). Also, much smaller grain sizes exist in the deformation area by comparison with the die area especially for the sample tested at 723 K (450°C). This fact demonstrates the occurrence of dynamic recrystallization as a result of the shear deformation in the deformation area. The combination of temperature and strain rate (in region II of the sigmoidal curve, where the material showed maximum SRS) was such that very small grains, in the range of about 5 lm, were formed in the deformation area at 723 K (450°C). However, deformation at 773 K (500°C) resulted in extensive grain growth in the material. This considerable difference in grain size of the material deformed at 723 K and 773 K (450°C and 500°C) is considered as the origin of the observed difference in SRS of the material at these two temperatures. In fact, although DRX occurs at 773 K (500°C), the m value would be reduced in comparison with 723 K (450°C) because of the fast grain growth at this high temperature. Our previous study on the static grain growth of an Mg-9Gd-4Y-0.4Zr alloy also demonstrated much higher rates of grain growth at 773 K (500°C) by comparison with 723 K (450°C). [4] According to Eq. [2] , the deformation activation energy can be calculated at constant shear strain rate as follows:
Consequently, the normalized USS values were plotted against the reciprocal of temperature at constant temperature-compensated shear strain on a semi-logarithmic scale as shown in Figure 13 in order to calculate the activation energy of the material after 4 ECAP passes at 623 K (350°C). Calculations were made in the temperature range from 673 K to 773 K (400°C to 500°C) and the average activation energy was determined as 110 ± 5 kJ mol
À1
. After studying the SRS of the material (processed through 4 ECAP passes) at different temperatures and strain rates to obtain optimum conditions for superplasticity, it is interesting to compare the results with the material processed by 2 ECAP passes in order to explore the role of small differences in the initial grain size on superplasticity. Accordingly, SPT results of the material processed through 2 ECAP passes at 623 K (350°C) are presented in Figure 14 . It can be observed that the SRS index value is maximum at the middle range of shear strain rates where the m value is about 0.43 ± 0.02.
IV. DISCUSSION
A. Grain Refinement During ECAP Processing
The results in Figures 1 and 6 demonstrate that partial recrystallization takes place in the extruded 6064-VOLUME 47A, DECEMBER 2016 condition and this produces a coexistence of fully recrystallized small grains together with large grains which remain from the deformation step. This means that the deformation conditions of the extrusion process (temperature, strain, and strain rate) are not suitable for full recrystallization of the Mg-5Gd-0.4Zr alloy. This is because the RE elements can retard recrystallization [43] due to their small diffusion rates in Mg. [40] It has been reported that strain (the extrusion ratio) plays a critical role in promoting recrystallization in the GW50 alloy and a fully recrystallized microstructure may be obtained using higher extrusion ratios of 19:1.
[ 41] This suggests that the recrystallization behavior of these alloys is severely strain-dependent. In addition to the amount of strain during deformation, the mode of deformation may also greatly influence the recrystallization microstructure. Therefore, the effects of ECAP on the microstructure of the alloy were investigated. As shown in Figures 5 and 6 , the extent of recrystallization changes from partial in the extruded condition to fully recrystallized even after 2 ECAP passes. Increasing the numbers of ECAP passes from 2 to 4 gives a finer microstructure due to the increased strain.
B. Texture Evolution During ECAP Processing
The crystallographic texture of the grains plays an important role in enhancing the mechanical properties of Mg and its alloys, in addition to the grain size. However, there are only limited reports to date on the texture of Mg-Gd alloys processed by ECAP. [16] Accordingly, texture evolution was studied in the present work to examine the effects of different deformation processes on the orientation of the grains. The texture of the extruded material was discussed in an earlier report [41] and is included here only for making a direct comparison with the ECAP process. The microstructure of the extruded sample consists of some large grains remaining from the deformation step as a result of partial recrystallization with 1010 È É planes aligned perpendicular to the extrusion axis and with some fine recrystallized grains having an almost randomized texture. The first effect of ECAP on the microstructure of the alloy is to increase the uniformity of the microstructure. Contrary to an earlier report on the microstructure of Mg-Gd alloys processed by ECAP, [16] a uniform microstructure was obtained even after 2 passes and there were no indications of non-uniformity or large grains remaining in the unrecrystallized state. Hence, the texture of the material changed to a basal texture with the (0001) planes aligned in a 50°to 60°angle with respect to the extrusion direction. This texture was reported previously for other magnesium alloys processed by ECAP, [44] since the basal planes in the majority of grains become realigned to the shearing direction due to the simple shear applied to the material at the intersection of the channels during ECAP. However, the maximum intensity is smaller than the values reported for other magnesium alloys without RE elements. For example, a maximum intensity of 54 MRD was reported for the AZ31 alloy [45] which is much higher than the maximum intensity of 8.8 MRD obtained in this study for the material processed through 4 ECAP passes. This difference probably arises from the role of the RE elements in activating the non-basal slip systems. [46] 
C. Superplasticity
Fine-grained materials generally exhibit superplastic behavior at high temperatures in addition to their high strength at low temperatures. In this investigation, after determining the optimum ECAP conditions for grain refinement of 4 passes at 623 K (350°C), shear punch tests were performed on this material at different temperatures to evaluate the advent of superplasticity using an indirect procedure for measuring the SRS by SPT. Superplasticity is associated with a high resistance to flow instability and is characterized by high m values ‡0.5. [15, 47] The SPT results indicate that the material processed under the optimum ECAP conditions has a uniform fine-grained microstructure with an average grain size of~3.5 lm and it is capable of showing superplastic behavior at 723 K (450°C) and over a narrow range of shear strain rates. Measurements of the SRS show that the m value increases from an initial value of~0.26 ± 0.03 at 623 K (350°C) to~0.47 ± 0.05 at 723 K (450°C) and then there is a further decrease at higher temperatures. The results confirm that temperatures lower than~723 K (450°C) are not suitable for superplastic deformation. This is because superplasticity is associated with the occurrence of grain boundary sliding (GBS) [48, 49] and this requires the diffusion and redistribution of alloying elements during high temperature deformation. As a result, it is reasonable to anticipate that, because of the low diffusion rates of Gd in the Mg matrix, [40] these lower deformation temperatures are not suitable for superplastic deformation in this alloy.
Grain size also plays a critical role in determining the optimum temperature for superplasticity. It is expected that smaller grain sizes will decrease the optimum temperature due to the increased diffusion rate. In this respect, it was reported that the optimum temperature for superplasticity of a nano-grained Mg-9Gd-4Y-0.4Zr alloy processed by HPT was 623 K (350°C) [14] which is about one hundred degrees lower than the optimum temperature in this study for the fine-grained Mg-5Gd-0.4Zr alloy processed by ECAP. The observed decrease in the m value at higher temperatures above 723 K (450°C) is due to an inherent grain growth of the fine-grained structure as demonstrated in Figure 11 . It was also shown that extensive grain growth occurs both within the deformation and die areas at 773 K (500°C) by comparison with 723 K (450°C).
To investigate the deformation mechanism of the material in the superplastic region, it is necessary to consider both the activation energy and the strain rate sensitivity index. The m value of~0.50 is associated with grain boundary sliding [49] and the activation energy of 110 ± 5 kJ mol À1 is close to the activation energy of 92 kJ mol À1 for grain boundary diffusion in magnesium. [50] Observed differences between the activation energy of the material in this investigation and the value reported for grain boundary diffusion in Mg arises from the lower SRS values at 673 K and 773 K (400°C and 500°C) which are accompanied by deformation mechanisms other than GBS. It is concluded, therefore, that GBS accommodated by grain boundary diffusion is the dominant deformation mechanism of the Mg-5Gd-0.4Zr alloy in the superplastic region. This conclusion is consistent with the fine-grained microstructure and the sigmoidal dependence of the SRS on the shear strain rate.
Although the optimum ECAP condition with the most uniform microstructure and the smallest grain sizes were achieved after 4 ECAP passes, the SPT results showed that the SRS of the material after 2 ECAP passes was not greatly different from the SRS of the material processed by 4 ECAP passes. In this respect, the maximum m values of about 0.43 and 0.47 obtained at 723 K (450°C) for the material processed through 2 and 4 ECAP passes at 623 K (350°C), respectively, demonstrate that small changes in the initial grain size of the material do not play a crucial role for the subsequent occurrence of superplasticity. It should also be noticed that, in addition to grain size, another important difference between the microstructures of the material processed through 2 and 4 ECAP passes is the distribution of grain orientations which were revealed in the EBSD results (Figures 6 and 7) . As discussed in the previous section, although the preferred orientation of grains is almost similar after 2 and 4 passes, it appears that a larger fraction of grains have been sheared during ECAP in the material processed through 4 passes. However, similar to the effect of initial grain size, it seems that this initial texture difference also has little effect on the SRS of the material when comparing the SPT results of the material processed through 2 and 4 ECAP passes.
V. SUMMARY AND CONCLUSIONS
Microstructural and textural evolution of an Mg-5Gd-0.4Zr alloy was investigated by SEM, TEM, and EBSD in the extruded and ECAP conditions, and the optimum ECAP conditions for grain refinement were determined. Shear punch tests were performed on the material processed under these optimum conditions for evaluation of superplasticity. The following results were achieved.
1. The material shows a non-uniform grain size distribution in the extruded condition consisting of both coarse and fine grains. 2. The optimum temperature for ECAP is 623 K (350°C), since the formability is insufficient at lower temperatures and extensive grain growth occurs at higher temperatures. 3. The material has average grain sizes of~5.0,~3.5, and~4.5 ± 0.5 lm after 2, 4, and 8 ECAP passes, respectively. Therefore, 4 passes were chosen as the optimum condition. 4. The SPT results indicate that a maximum strain rate sensitivity index of~0.47 is achieved at 723 K (450°C) and a further increase in temperature leads to a lower value of m. 5. The SRS index of~0.47 and activation energy of~110 kJ mol À1 suggest that the flow mechanism in the superplastic region is grain boundary sliding. 6. The slight differences between the initial grain size and texture of the material processed through 2 and 4 ECAP passes does not play a crucial role for the subsequent occurrence of superplasticity at 723 K (450°C).
